We use spin-polarized inelastic tunneling spectroscopy to probe the magnetic properties of single Fe atoms bound to the nitrogen sites of Cu2N. We report a zero-field splitting of 18.4±0.1 meV-the largest reported for Fe adatoms on surfaces-which arises from a largely preserved orbital angular momentum. In addition to two distinct inelastic spin excitations, we observe an excitation of the orbital moment, which we describe in terms of a cotunneling mechanism. We explain these observations using density functional theory and multiplet calculations, accounting for the unquenched, anisotropic orbital moment.
Magnetic atoms adsorbed on surfaces are fundamental building blocks for magnetic information processing, with applications in both the classical and quantum domains [1] [2] [3] [4] . However, an essential requirement for such applications is a long-lived magnetic state, which is typically limited by thermally induced fluctuations. The energy barrier to flip the magnetic moment is determined by the magnetic anisotropy energy (MAE), which arises from the interplay between the crystal field and spinorbit coupling. The Coulomb potential generated by the crystal breaks the spherical symmetry of the free atom, thereby lending the orbital moment a certain orientation with respect to the crystallographic axes [5] .
The 3d transition elements are of particular interest as, in addition to their natural abundance, they can be easily deposited on surfaces and probed locally by scanning tunneling microscopy (STM) and spectroscopy. Typically, the orbital moment L is largely quenched due to the crystal field [5, 6] . In the case of an almost fully quenched L, the spin-orbit coupling only acts to higher order to produce single-site magnetic anisotropy, which leads to MAE values far below the atomic spin-orbit coupling strength. Consequently, the crystal symmetry at the atomic site-and the overlap of the atomic orbitals with the surrounding ligands-plays a crucial role in preserving the orbital angular momentum of the atom. This effect is illustrated by observations of very large MAE values on adatoms experiencing a nearly axial crystal field. Experiments on Fe and Co atoms bound on the O-sites of MgO/Ag(100), which have C 4v symmetry, yield zero-field splittings of respectively 14 meV [7] and 58 meV [8] .
Co atoms adsorbed atop N on h-BN/Ru(0001) display a similarly large MAE of 14 meV [9] .
One particularly appealing substrate is the Cu 2 N surface [10] , where, in addition to the protection of the magnetic moments from electronic scattering provided by the decoupling layer, magnetic adatoms can be easily manipulated [11] [12] [13] [14] [15] [16] . STM studies have revealed that Fe atoms on the Cu 2 N lattice preferentially bind to the Cusite, where the local C 2v symmetry produces a partially unquenched orbital moment resulting in in-plane uniaxial magnetic anisotropy energies of ∼ 5 meV [12, 15] . In principle, much larger anisotropy values could be expected for Fe atoms bound atop a N-site, owing to the higher C 4v symmetry. N-site adsorption on Cu 2 N is also preferable over Cu-site adsorption, in that placing an Fe atom on an N-site requires one less atom manipulation procedure [17] , vastly improving possibilities for building extended spin arrays. However, previous studies reported that no spin-flip excitations could be resolved for Fe atoms bound to N-sites [10] .
Here, by performing inelastic electron tunneling spectroscopy (IETS) with a functionalized tip, we are able to probe well-resolved excitations for N-site Fe atoms. We find that the orbital angular momentum is almost fully preserved in this case, resulting in a zero-field splitting of 18 meV, the largest reported to date for Fe atoms arXiv:1910.00325v1 [cond-mat.mes-hall] 1 Oct 2019 on surfaces. Moreover, we also observe an excitation at 73 meV, that is interpreted as a full reversal of the orbital moment, while leaving the spin moment unchanged. The results are rationalized in terms of density functional theory (DFT) and electronic multiplet calculations. Figure 1a shows an STM image of single Fe adatoms deposited on an insulating layer of Cu 2 N, grown on a Cu 3 Au(100) substrate [18] . The apparent height of the Fe atoms atop the N-sites is ∼ 3.1Å, roughly 0.4Å higher than those on Cu sites. The N binding site is fourfold symmetric (C 4v ), with four Cu atoms as nearest neighbours, a lateral distance of 1.77Å away ( Fig. 1b) . DFT calculations indicate that the N atom atop which the magnetic atom is bound is displaced upwards by 0.3Å with respect to the pristine surface configuration. The calculated magnetic moment for the spin of the Fe atom, considering an on-site Coulomb interactions U = 5 eV, is µ S ≈ 4.36µ B , with µ B the Bohr magneton; this indicates a local spin S = 2. The DFT-calculated valence electron spin density (Fig. 1c) shows that the axial symmetry is largely intact. Thus, we can expect the orbital moment to be preserved in the out-of-plane direction, while it is quenched in-plane. The typical overestimation of the orbital momentum quenching by DFT calculations precludes a quantitative description of L, and thus, of the resulting MAE [19, 20] .
Instead, here we adopt an alternative strategy: we carry out an electronic multiplet calculation based on a point-charge model (PCM) description of the crystal field, where electron-electron repulsion between Fe delectrons, spin-orbit coupling, and Zeeman contributions are considered explicitly [21, 22] . The atomic positions and charges are extracted from the DFT calculations (see Supplementary Material for additional information). A similar method was applied successfully to study the spin excitations of Fe on MgO [23] . Figure 2a shows the lowest energy levels as derived from the multiplet calculations. The crystal field (CF) contribution is separated into its axial and transverse components: the former preserves the 10-fold ground state degeneracy, while the latter splits this into two spin quintuplets. The spin-orbit coupling-where λ SO = −9.60 meV for the PCM, and −9.41 meV for the spinorbit model-partially lifts the degeneracy within the two quintuplets. Finally, the magnetic field B z along the outof-plane direction breaks all remaining degeneracies. At finite magnetic fields,the lowest two states have orbital moments L z = ±1.98, closely approaching the free-atom value. Below, we will approximate these two states as L z = ±2.
When interpreting spin excitation spectroscopy on individual magnetic atoms, it is convenient to employ an effective spin Hamiltonian [12, 24, 25] . However, in this situation the unquenched orbital moment makes the effective spin framework incomplete [26, 27] . Instead, we whereÔ q k and B q p are the Stevens operators and their associated coefficients, respectively. The last term represents the Zeeman energy due to an external field B. As we consider both the spin S and orbital moment L, there is no need to invoke the Landé g-factor. The results of this model, implemented with optimal fitting parameters (see Supplementary Material), are depicted in Fig. 2a . In Fig. 2b , we show an IETS measurement at a finite magnetic field, revealing a splitting of the zero-field excitation, with threshold voltages at 17.9 ± 0.2 meV and 19.4 ± 0.2 meV. These transitions can be probed with a tip that is functionalized by picking up individual Fe atoms from the surface. The results of Fig. 2a allow us to uniquely assign the observed transitions to excitations between specific states. The lower energy excitations are spin-only transitions (∆S z = ±1, ∆L z = 0) corresponding to an excitation from the ground state |S z , L z = | − 2, −2 ≡ |0 to | − 1, −2 ≡ |2 , corresponding to an excitation threshold voltage V 02 , as well as from the |+2, +2 ≡ |1 state to |+1, +2 ≡ |3 , with threshold V 13 (Fig. 2c) . At zero field, |V 02 | = |V 13 | = 18.4 ± 0.1 meV.
We trace the evolution of the magnetic behavior of the single atom as a function of external field: in Fig. 3a and b, we show IETS measurements performed from 0.5 to 4 T. The measurements indicate a shift in the threshold voltage of 0.21 ± 0.02 meV/T. When expressed in terms of an effective S = 2 spin model in the absence of orbital angular momentum [12] , this shift would correspond to a Landé factor of ∼ 3, on par with previously reported large values [7, 8, 28] .
In the absence of non-equilibrium effects, inelastic spin excitations, with ∆S z = ±1, are characterized by approximately square steps in the differential conductance [29] , which originate from cotunneling events [30, 31] . However, additional nonlinearities may appear at the threshold voltage due to changes in the instantaneous spin state of the atom, which modify the magnetoresistance of the junction [14, 32] . The dynamical effects at the inelastic tunneling threshold voltage are indicative of relaxation times from state |1 longer than the average time between two tunneling electrons (∼ 200 ps at 1 nA). We perform pump-probe spectroscopy (Fig. 2d) to find a relaxation time T 1 = 58 ± 4 µs.
As the presence of non-equilibrium features is attributed to dynamic processes linked to the inelastic electron transport, they are expected to be conductancedependent. We investigate this dependence by performing dI/dV measurements as a function of current setpoint, as shown in Fig. 3c and d . For this range of conductance values, we observe a decrease in the strength of the nonlinearity [32, 33] and a shift in the inelastic steps, due to the local field from the exchange interaction between the Fe atom and the tip [34] .
Further insight can be obtained by simulating the nonequilibrium dynamics of the local spin (Fig. 3e ). This is done on two fronts: on one hand, starting from the point-charge model calculation, we calculate the transition rates and the non-equilibrium occupations in the weak coupling limit using a co-tunneling description of transport [35, 36] . On the other, we use the spin-orbit model Eq. (1), where the evolution of the occupation is accounted for by a Pauli master equation [30, 31] . Tracing the occupation of the two lowest spin states as a function of voltage ( Fig. 3f) delineates that below the inelastic threshold voltage, the ground state occupation exceeds 90%. Once the applied voltage reaches the excitation threshold, spin-flip excitations cause a significant drop in the occupation of |0 . Due to the spin polarization of the tip (η = 0.33), spin-pumping is more favored for negative bias.
In addition, we consistently observe a higher energy excitation at 73.9 ± 0.4 meV (see Fig. 2b ), which we denote by the threshold voltage V 08 . This feature corresponds to an excitation from the ground state |S z , L z = | − 2, −2 to the excited state | − 2, +2 ≡ |8 ; i.e., going from the lower spin quintuplet to the upper spin quintuplet (see Fig. 2c ). Unlike a conventional spin excitationin which the tunneling electron spin only interacts with the atom's spin (|∆S z | ≤ 1), leaving the orbital moment unchanged-we observe an independent excitation of only the orbital moment, with ∆L z = 4. Since the orbital moment of the magnetic atom is in this case preserved, it can be excited inelastically. Although or- bital excitations have been previously reported [37, 38] , this is the first instance of an independent rotation of an unquenched orbital moment. These transitions are not accounted for by the usual spin exchange terms J S · σ [30, 31] .
Rather, this orbital transition can be understood via a co-tunneling path that takes into account both the spin and the orbital momentum of the initial, intermediate and final states [35, 36] . Since the transition is expected to occur with similar amplitude for the hole and electron charged states, we will focus on the latter for the following discussion. The dominant channel is mediated through the negatively charged intermediate state |S z = −3/2 |L z = 0 . As the orbital and spin matrix elements can be separated here, we choose to use product state notation in the description of the co-tunneling path. Accordingly, the co-tunneling transition amplitude between the ground state |0 and the excited state |8 can be understood by introducing the creation and annihilation operators,d † σz z andd σz z , for an electron with spin σ z in an orbital with angular momentum l z . The dominant transition amplitude between states |0 and |8 is thus proportional to [35, 36] 
(2) This cotunneling path corresponds to a spin-up electron tunneling onto the z = +2 orbital, thus creating a charged virtual state with a net spin S z = −3/2 and orbital moment L z = 0. An electron then tunnels off the z = −2 orbital, restoring the net spin to S z = −2 and changing the orbital moment to L z = +2, thereby completing the ∆S z = 0, ∆L z = 4 transition.
We expect this excitation to correspond to two transitions: one from |0 to |8 , and another from |1 to |9 , which should respectively split as a function of magnetic field due to the Zeeman effect. Accordingly, we trace the evolution of this transition from 1 to 5 T (Fig. 4a ): we observe that the step is broadened as the field is increased, which is compatible with a splitting of V 08 and V 19 . This behaviour is well reproduced by the transport calculations derived from the point-charge model. In fact, the high degree of agreement here is remarkable, as the point-charge calculations are based solely on DFT results, and thereby don't have any additional fitting parameters. However, it is worth noting that the threshold voltage corresponding to the orbital excitation is off by ∼2 meV when comparing the transport calculations to the experimental data. In order to properly compare the evolution of the step, we correct for this shift in Fig. 2a .
While the orbital transition does not exhibit the same nonlinearities characteristic of the lower energy spin excitations at ∼ 18 meV, it does shift with field, specifically at a rate of 0.24 ± 0.8 meV/T (see Fig. 2b ). By comparison, the shift predicted by the multiplet calculation is 0.23 meV/T.
In this work we studied the magnetic properties of individual Fe atoms bound to N-sites on the Cu 2 N lattice, which exhibit large magnetic anisotropy, evidenced by an 18 meV spin excitation at zero field, resulting from an unquenched orbital moment L = 1.98. Spectroscopy measurements reveal that the inelastic spin transition exhibits a large shift with both magnetic field and current set-point. We observe an additional transition at 73 meV, which we identify as a ∆L z = 4 rotation of the orbital moment. We rationalize these experimental results in terms of both a multiplet electronic calculation and an effective anisotropic spin-orbit Hamiltonian. As Fe atoms bound on N-sites are easily manipulable, these results form a promising basis for future research on extended spin lattices.
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